Objectives-Few studies of point-of-care ultrasound training and use in low resource settings have reported the impact of examinations on clinical management or the longer-term quality of trainee-performed studies. We characterized the longterm effect of a point-of-care ultrasound program on clinical decision making, and evaluated the quality of clinician-performed ultrasound studies.
O ver the past two decades, ultrasound has become more portable, affordable, and user-friendly, with improving image quality leading to its use in a widening array of medical specialties. 1 In high-income countries, point-of-care ultrasound is a component of graduate medical educational curricula in emergency medicine, obstetrics, critical care, sports medicine, surgery, and rheumatology. Introducing point-of-care ultrasound training in postgraduate medical education may afford similar advantages in resourcelimited settings. 2 Case series or pilot educational programs have been described in a range of countries and environments. [3] [4] [5] However, the use and clinical impact of such training programs in resource-limited areas is not well characterized.
Rwanda is an example of a country with resource constraints. There are 7 physicians per 100,000 people, less than 10 trained radiologists in the country, and no radiology residency programs. 6 With this in mind, Point-of-care Ultrasound in Resource-limited Environments (PURE), a nonprofit organization, was created to deliver a clinical ultrasound training program in Rwanda. In this report, we describe the number, type, quality, and accuracy of point-of-care ultrasound examinations completed by trainees of this program, as well as the effect of their ultrasound use on clinical decision making.
Materials and Methods
This is a prospective, observational cohort study. Ethical approval was obtained from the Centre Hospitalier Universitaire Kigali (CHUK) ethics committee in Kigali, Rwanda, and institutional review board approval from the Partners Healthcare in Boston, Massachusetts, USA. Physician participation in the training program was entirely voluntary; travel and lodging expenses were provided, but participants did not otherwise receive compensation. Trainees provided informed consent to participate in the study as research subjects. Participation in the training was not contingent on entering the associated research protocol.
A needs assessment was completed before implementation of the training program. This included a survey of potential physician participants, planning meetings with hospital administrators and Ministry of Health leaders, and review of hospital records to gain perspective on final diagnoses and outcomes in this setting. The needs assessment informed the study design and the choice of ultrasound applications that were most relevant for inclusion in the curriculum.
The training program began with a 10-day course in September 2012, which provided an introduction to point-of-care ultrasound and common applications ( Figure 1 ). Seventeen district hospital physicians from five provincial hospitals began the program. All trainees and hospital sites were selected in conjunction with the Rwandan Ministry of Health. Participants received instruction in a range of point-of-care ultrasound applications and the specific focused questions (Table 1) . Instruction was provided by PURE faculty, which consisted of emergency physicians with expertise in pointof-care ultrasound, consultant obstetricians, and radiologists. Trainees completed an objective structured clinical examination (OSCE) at the end of the course to evaluate their competency in machine operation, image acquisition, and interpretation; OSCEs were given and graded by PURE faculty. In addition, trainees received instruction detailing how to store images obtained from ultrasounds completed at their hospitals, and how to upload de-identified images to a cloud-based image storage system (Dropbox, San Francisco, CA).
Following the initial course, trainees returned to their practice hospital and were permitted to use pointof-care ultrasound without restriction. For 6 months after the introductory course, trainees were asked to save images of all completed ultrasounds and upload them to the cloud-based image storage for review. In addition, they were instructed to complete a data-collection sheet for each completed study. Each sheet was stamped with a unique code correlating the operator with ultrasound images that were saved and archived. After completing their ultrasound examination, the trainees recorded the clinical indication for the ultrasound study, the findings of ultrasound evaluation, and answered a series of questions on whether the ultrasound resulted in a change in patient management. Specifically, the sonologists were asked: "Did ultrasound result in either ordering or canceling of: medications, intravenous fluids, additional imaging, bedside procedure, consultation, surgery, admission, transfer, or return visit."
During this 6-month data-collection period, trainees had follow-up training at their hospitals provided by PURE faculty to ensure that ultrasound competency was maintained. Follow-up training was provided approximately every 6 weeks during the study period ( Figure  1 ). Trainees completed OSCEs at regular intervals. In addition, PURE faculty performed on-site image review with trainees, and helped to solve technical issues with ultrasound machines and image archiving.
Five PURE faculty members reviewed the ultrasound images and accompanying data sheets. The studies were graded using a standardized scoring system from 0 to 4 (0 5 no meaningful images; 1 5 poor, not sufficient for interpretation; 2 5 good, acceptable for interpretation; 3 5 excellent, minor suggestions for improvement; 4 5 outstanding, no suggestions for improvement). The scoring system was familiar to reviewers, as it was originally developed for quality assurance of resident physician ultrasounds. The reviewers used standardized minimal criteria to assess studies for completeness (Appendix), and were blinded to the interpretations and scores of the other faculty. Reviewers also recorded their interpretation of the images submitted for review, which was the criterion standard for the accuracy of the trainees' interpretation. We used expert review as a reference standard for trainee interpretation, because the physicians were practicing in settings without access to confirmatory testing. Descriptive statistics and test performance characteristics of trainee ultrasound scans were calculated for each application with Stata (StataCorp, College Station, TX).
Results
Over the 6-month study period, 1158 ultrasounds were documented, either through images that were saved to cloud storage or by completion of a data sheet with the trainee's interpretation of the study findings. Of these 1158 examinations, 590 (50.9%) had both images and trainee interpretations available for review and were included in the analysis. Of the 17 trainees who started the program, 15 recorded studies that were submitted for external quality assurance and review. Abdominal ultrasound for free fluid (FAFF) was the most frequently performed application (19.7% of all studies). Abdominal ultrasound was performed not only for trauma (FAST), but also for medical patients with dyspnea, abdominal pain, or hypotension. Other frequently used studies included liver (14.6%), obstetrics (14.5%), renal (12.4%), spleen (11%), and biliary (10.5%). Additional applications included 106 cardiac ultrasounds (9.2%), 61 pulmonary (5.2%), and 21 soft-tissue ultrasounds (1.8%). Table 2 lists the image quality of ultrasound performed by trainees, as assessed by expert reviewers. Table 3 depicts the test performance characteristics for each application. The overall sensitivity for all focused questions was 94%, and specificity was 98%.
Point-of-care ultrasound use routinely changed the management of patients; based on trainees' completed data sheets, 81.3% of patients had at least one clinical decision changed as a result of a point-of-care ultrasound. The most common changes were medication administration (42.4%), admission (30%), transfer to a higher level of care (28.1%), and procedures (23.3%). Trainees described the decision to give or withhold diuretics or antibiotics as the most common changes in medication as a result of performing an ultrasound. Additional changes included instructions to make a return visit (20.3%), obtain consultation (15%), surgery (13%), and administration of intravenous fluids (6.5%).
Discussion
Our study demonstrates that an ultrasound training intervention in a resource-limited setting resulted in trainees' long-term use of point-of-care ultrasound. Trainees independently performed examinations with diagnostic quality images over a range of applications, reflected in both the image quality and interpretation agreement with external quality assurance review. In an environment with limited access to diagnostic imaging and radiology consultation, point-of-care ultrasound routinely changed the clinicians' management plan for important patient-oriented processes related to therapeutics, disposition, and procedural interventions. This study provides additional evidence that point-of-care ultrasound adds diagnostic information that can impact patient care in resource-limited settings.
The study supports and extends the findings of other point-of-care ultrasound training interventions in the developing world. Previous descriptions of point-ofcare ultrasound use in resource-limited settings have been limited by lack of long-term follow-up, or were structured as a case series description of ultrasounds performed by visiting clinicians. 7, 8 Our data support the potential value and impact of introducing point-of-care ultrasound in low-resource settings. Of particular note, the use of ultrasound was sustained throughout the study, and point-of-care ultrasound routinely changed clinical decision making.
Trainees most frequently used ultrasound for abdominal and obstetric applications. This is consistent with other reports of point-of-care ultrasound use in low-income environments. 5, 9 Anecdotally, trainees indicated that abdominal ultrasound in the context of trauma (the FAST examination) had a particularly strong impact on their practice. Positive FAST scans prompted immediate transfer from smaller district hospitals to centers with more advanced surgical capabilities, instead of the previous practice of observing trauma patients until the development of hemodynamic instability or peritonitis.
The sensitivity of trainee biliary ultrasounds was notably lower than performance in other applications. This finding has been observed in other point-of-care ultrasound training programs in high-income countries. 10 Our study has several limitations. The trainee cohort was not large, which reflected the time and resources required to execute a training program in a resource-limited setting. 11 The performance of two of the trainees could not be assessed in this study; one left the country to begin a residency, and the other was deployed with the military. There were also events in the health-care system that prevented the program from being implemented as planned: Shortly after the start of the training period and data collection, the Rwandan government implemented structural changes, resulting in nine study participants being allocated to new hospitals. 12 At the conclusion of the study, the original trainee cohort had been redistributed across 11 hospitals. In their new clinical practices, some trainees did not have routine access to ultrasound, nor the ability to save images from completed examinations; other trainees were unable to continue participation due to regulations at their new hospital. These events that were beyond the control of the training program are likely to strengthen the findings of the study with respect to its clinical impact, as they disrupted the ability of many of the trainees both in gaining experience in ultrasonography and using it in their clinical practice. It is harder to predict the effect of isolating trainees from one another, but we speculate that this may also have affected both the total number of studies completed and the compliance with recording data sheets and saving images. It is also possible that the displacement of trainees from larger groups in a small number of hospitals to one-or two-person groups, often found in remote settings, may have disrupted knowledge acquisition, as peer and group learning are known to be important and effective among physicians in training. 13, 14 A second limitation of our findings is that only 50.9% of the studies with a completed examination data sheet and interpretation had corresponding images available for external review. Although reports from trainees suggest that this level of archiving compliance was related to technical issues, it is possible that suboptimal images were uploaded less frequently. It is also likely that equivocal exams, limited exams, and those providing no important clinical information were less likely to be reported corrected completely or at all. This reporting bias might affect the findings of the study in several ways. The bias against fully reporting equivocal or inadequate studies would likely falsely increase the image review score, and inflate the clinical impact of the ultrasound studies. Conversely, it is likely to have caused an underestimation of the amount of ultrasound use in the trainees' practice. Feedback from study participants and direct observation indicates that trainees with access to ultrasound were performing many more studies that were not submitted for review, because of time and logistical considerations as described previously.
The cause of inconsistent image archiving is likely to have been multifactorial. The study's ultrasound machines had no wireless Internet connectivity, and had limited capability to compress image file size. The broadband Internet speed required to upload files to the cloud was frequently unavailable in trainee practice settings. Study participants had to transfer images from the ultrasound machine and manually upload them to the cloud at a later time. The time required to complete these steps probably reduced compliance with image archiving for review. A potential benefit of a cloud-based system is that it permits remote review and facilitates rapid feedback. Our experience suggests that successful cloudbased quality assurance processes may require improved compression algorithms and streamlined image transfer protocols, as well as Internet bandwidth that is still not available in many parts of the developing world. One program has successfully used image transfer using the smartphone, which would obviate the need for a cloud intermediary. 15 This might provide a means for QA review as well as improved regional and international communication and teleconsultation.
One of the challenges to scaling point-of-care ultrasound in low-resource environments is that the training of physicians, physician extenders, or nurses is costly. There are additional costs related to machine purchase, machine maintenance, and image archiving. These need to be more than offset by the gains in diagnostic accuracy and expedited care, to make a cost-effective argument for directing limited resources to training and implementation of ultrasound. This study provides further evidence that ultrasound training is of value to clinicians who practice in resource-limited settings, and routinely leads to changes in clinical decision making and patient care processes. The IVC measurement and evaluation of IVC collapsibility with M-mode should be made 2 cm distal to the diaphragm. Liver Measure in midclavicular line, from diaphragm to inferior border. Scan in two planes to assess for lesions, free fluid, or irregular appearance.
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